Euglena gracilis is an edible photosynthetic single-cell alga that can synthesize carotenoids. It is highly demanded to establish the technology to select and grow individual cells capable of synthesizing more carotenoids because it contributes to safe and inexpensive production of carotenoids. In the cells of E. gracilis, carotenoids are mainly contained in chloroplasts and eyespots, and typical carotenoids have a characteristic absorption maximum in common. E. gracilis also has an organelle resembling hematochrome, which has an appearance similar to the eyespot and the absorption band spectrally overlapping that of the carotenoid although reportedly it does not contain carotenoids. To discriminate the eyespot and hematochrome-like granules and to investigate the intracellular distribution of carotenoids, scan-free, non-invasive, absorbance spectral imaging A(x, y, λ) microscopy of single live cells was applied. It was demonstrated that this technique is a powerful tool not only for basic research on intracellular structural analysis but also for identifying difference in carotenoid content in individual cells applicable to screening of carotenoid-rich cells. By this technique, it was confirmed that carotenoids exist in chloroplasts and eyespots, and a number of characteristic absorption spectra of pigments observed specific to the eyespot or hematochrome-like granules were identified. In addition, it was found that hematochromelike granules have a characteristic absorption peak at 620 nm as well as at 676 nm, suggesting that its origin is a component of chloroplast including Chlorophyll a. 
Introduction

38
E. gracilis is a photosynthetic unicellular flagellate microorganism with a length of 39 approximately 50 m and a diameter of 8 to 12 m inhabiting freshwater (Jerome, 2012) . 40 Depending on nutritional and environmental conditions, E. gracilis synthesizes paramylon, a β-41 1,3-glucan in a crystalline form, which is used as an ingredient of functional food (Sugiyama et al., grow in heterotrophic culture (Koren-Hutner medium (Koren & Hutner, 1967) ). Also, since the 44 cells contain about 10 chloroplasts (Yamaji, 1980) , they can photosynthetically grow in autotrophic 45 culture (Cramer-Myers medium (Cramer & Myers, 1952) ). The success of mass-cultivation of E. 46 gracilis has realized the commercial supply of E. gracilis as an ingredient of functional foods, cosmetics, and biofuel (Suzuki, 2017) . Therefore, technology using E. gracilis, which enables clean, 48 sustainable, and cost-effective production of energy and food, attracts attention in industrial and 49 academic fields (Yamada et al., 2016) . 50 We focus on carotenoid production capacity among many useful properties of Euglena. E. 51 gracilis is one of the few microorganisms capable of simultaneously producing antioxidant 52 vitamins such as β-carotene and vitamin C (Takeyama et al., 1997; Kato et al., 2017) . Carotenoids 53 have been used as a coloring and antioxidant for foods from long ago as represented by β-carotene 54 (Gordon & Bauernfeind, 1982; Hardeep et al., 2015; Takaichi, Mimuro & Tomita, 2006) . Certain 55 carotenoids also have the potential to reduce the risk of cancers and eye diseases (Johnson, 2002) .
56
Therefore, it is also used as a health supplement and an antioxidant from demand due to recent 57 health boom (Joanna & Květoslava, 2014) . It is also used as a feed additive for animals (Delia & 58 Rodriguez-Amaya, 2015) , and also for an active ingredient of cosmetics (Maxim et al., 2011) .
59
Therefore, a mass production method of carotenoids which is inexpensive and guaranteed safety is 60 a task. carotenoid content. Although there is a method of fluorescently staining substances in cells and 90 observing them with a microscope, there is a concern that the staining themselves may affect cells 91 (Wojcik & Dobrucki, 2008) . Thus, non-invasive microspectrophotometry is a candidate method to 92 solve the above problem (Benedetti et al., 1976; James et al., 1992; Valter et al., 2007 are developed (Matsuoka., 2002; Kester et al., 2011; Hagen et al., 2012; Lee et al., 2012; Hagen 105 & Kudenov., 2013) .
106
In the present research, we have adopted a non-scanning (snapshot) absorption imaging method (Britton & Goodwin, 2013) . Hematochrome has an appearance resembling an eyespot and is known 118 to be a plastid found in red Euglena, such as Euglena sanguinea, which changes from green to red 119 when irradiated with intense light. It is reported that granules similar to hematochrome are also 120 observed in E. gracilis (STROTHER & WOLKEN, 1961; Dennis, 1982) , and we will refer to it in 121 this paper as hematochrome. The hematochromes appear in E. gracilis cells in old culture (Jerome, 122 2012) and is suggested not to include carotenoids (Britton & Goodwin, 2013) . Since hematochrome 123 was also found in the mutant that cannot synthesize carotenoid and the cell cultured in a medium 124 to which the carotenoid synthesis inhibitor was added, its origin is considered to be different from 125 that of an eyespot, but details are unknown (Britton & Goodwin, 2013) .
126
In this paper, absorption spectra inside and around these intracellular structures are measured to 127 be compared and examined using the non-invasive and high spatial resolution absorption imaging 128 method. 
Results
179
We observed the microscope images of more than 100 cells, among which we selected a 2)
189
The data show that absorption is found in hematochrome, chloroplast and eyespot regions in hematochrome of E. gracilis does not contain carotenoids, absorption at this wavelength is large.
192
Therefore, it was suggested that it may be an error factor for imaging the distribution of et al., 1992; Jerome, 2012) .
202
(a) E is an absorption spectrum of the chloroplast adjacent to the eyespot which has an 203 absorption peaks derived from Chlorophyll a (Chl-a) at 436 and 676 nm and a peak derived from 204 carotenoids at 488 nm. G is a chloroplast spectra existing at a location distant from the eyespot 205 and has a spectrum resembling the spectrum of E and each absorption peak is at about the same 206 wavelength. G has a higher absorbance at the absorption peak of Chl-a, which suggests that G 207 has constituents of chloroplasts present at higher density than E. In addition, comparing the 208 increase ratio of absorbance at the absorption peak of carotenoids with the Chl-a of G against E, 209 the ratio of increase was larger for the carotenoids. The ratio of increase in absorbance in the 210 wavelength other than the periphery of the absorption peak was also larger than that of Chl-a.
211
Particularly, from 600 nm to 520 nm, the absorbance of the spectrum of E decreases toward 212 shorter wavelengths, but the spectrum is nearly flat in the region corresponding to it. This
213
suggests that the presence of accessory pigment (carotenoids) is greater in places where 214 chloroplasts are dense, and that the light harvesting system is functioning more efficiently. For absorption maximum at 488 nm. F shows the absorption spectrum near the border of the chloroplast dense area, which has a single absorption peak characteristic at 405 nm.
218
(b) The spectrum of the outline of the eyespot is shown. Unlike the general spectrum of the 219 eyespot, the spectrum in the region A1 to A7 has a single absorption maximum at 516 nm.
Figures (e)~(l).
260
Since the hematochrome which is observed is located in the region without chloroplasts, it is 261 considered that there is no contribution by absorption of Chl-a. In addition, although 262 hematochrome does not necessarily appear in a specific area, the hematochrome of present 263 observation is located near the eyespot, so that it was adopted for easy comparison with the 264 eyespot ( Figure 2. (a), (c) ).
265
(a) The data shows typical absorption spectrum of carotenoids contained in the eyespot.
266
Therefore, the absorption region in the vicinity is the eyespot. (Figure 2. (B) ). 267 268
(b) The data shows the absorption spectrum in the region slightly away from the 269 hematochrome. This shows the same spectrum as the region exhibiting vivid green color in the 270 vicinity of the eyespot (Figure 3. (A) . E).
271
(c) The data shows the absorption spectra of the boundary of hematochrome. They are spectra 272 similar to Chl-a and have an absorbance offset over the entire wavelength range, which is
In the eyespot and hematochrome, various absorption spectra were obtained depending on the location, while almost the same spectra are obtained in the green region of E. gracilis where the 302 chloroplast exists. These results indicate that the eyespot and the hematochrome are characteristic 303 intracellular structures recognizable by microspectrophotometry. In particular, since 304 hematochrome resembles an eyespot in appearance and its absorption spectrum resembles a 305 chloroplast, so that attention must be paid when measuring the absorption by 306 microspectrophotometry of the eyespot where chloroplasts are present in the surroundings.
307
Actually, there is a report that seems to mistake a hematochrome for the eyespot, and the 308 spectrum of the eyespot indicated in that report was very similar to the spectrum of 309 hematochrome in the study (Werner et al, 1990) .
310
There is also a report that various spectra were obtained for each measurement at the same 311 eyespot by microspectrophotometry (Jerome, 2012) . This was considered to be caused by the 312 change in the focus at every measurement and the change in the position and distribution of the 313 carotenoid granules contained in the eyespot everytime the cell shape deforms by the euglena 314 movement, since the granules are not composed of a rigid structure (Benedetti et al., 1976) and 315 are irregular sequences and the granules are cytoplasmic side organelles bound to the cell 316 membrane (Kivic & Vesk, 1972) .
317
It is considered to be difficult to identify each carotenoid constituting the eyespot from the (Norman & Timothy, 1960; Heelis et al., 322 from the spectrum of the eyespot, characterized by a peak at 620 nm and that at 676 nm coinciding 344 with the absorption peak of Chl-a. This indicates that hematochrome is an organelle composed of 345 a pigment different from the eyespot. This distinction made it clear that this technique can be used 346 for fundamental research on intracellular structural analysis and applied research for screening of 347 carotenoids-rich competent cells.
348
As a next step, we would like to pursue the conditions to grow the cells which contain more Figure 4 Absorption spectra of the hematochrome-like granule of E. gracilis.
(Each spectrum corresponds to the labeled position in Figure 2. (c).) 
